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Abstract 

Mitochondria are the powerhouses of the cell. They produce a significant amount of the energy 

we need to grow, survive and reproduce. The same system that generates energy in the form 

of ATP also produces Reactive Oxygen Species (ROS). Mitochondrial Reactive Oxygen 

Species (mtROS) were considered for many years toxic by-products of metabolism, 

responsible for ageing and many degenerative diseases. Today, we know that mtROS are 

essential redox messengers required to determine cell fate and maintain cellular homeostasis. 

Most mtROS are produced by respiratory complex I (CI) and complex III (CIII). How and when 

CI and CIII produce ROS is determined by the redox state of the Coenzyme Q (CoQ) pool and 

the proton motive force (pmf) generated during respiration. During ageing, there is an 

accumulation of defective mitochondria that generate high levels of mtROS. This causes 

oxidative stress and disrupts redox signalling. Here, we review how mtROS are generated in 

young and old mitochondria and how CI and CIII derived ROS control physiological and 

pathological processes. Finally, we discuss why damaged mitochondria amass during ageing 

as well as methods to preserve mitochondrial redox signalling with age.  

 

Highlights 

• mtROS are active redox messengers that participate in essential cellular processes 

ranging from cell differentiation to tissue homeostasis.  

• Most mtROS are produced by CI and CIII. CI and CIII derived ROS regulate specific 

physiological and pathological processes. 

• The redox state of the Coenzyme Q pool determines electron leak and mtROS 

production by CI and CIII. 

• During ageing, an accumulation of defective mitochondria generates vast amounts of 

mtROS. These ROS cause oxidative damage and interfere with redox signalling. 
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List of Abbreviations 

 
ATPIF1 ATPase Inhibitory Factor 1  

AOX  Alternative oxidase   

CI  Complex I, NADH:ubiquinone oxidoreductase   

CII  Complex II, succinate:ubiquinone reductase   

CIII  Complex III, ubiquinol:cytochrome c oxidoreductase  

CIV  Complex IV, cytochrome c oxidase   

CO  Carbon monoxide   

ETC  Electron transport chain 

CoQ  Coenzyme Q, ubiquinone 

CoQ.  Semi-ubiquinone   

CoQH2 Ubiquinol   

CV  Complex V, ATP synthase   

ETC  Electron transport chain   

H2O2  Hydrogen peroxide   

hiROS  High Reactive Oxygen Species   

HO-1  Heme-oxigenase-1   

HO-2  Heme-oxigenase-2  

HO.  Hydroxyl radical 

IF  Flavin site of CI  

IQ  Quinone-binding site of CI 

IIIQo  External quinone site of CIII    

loROS  Low Reactive Oxygen Species   

LPS  Lipopolysaccharides   

MPTP  1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine   

mtROS Mitochondrial ROS  

NDI1  NADH dehydrogenase internal 1   

NO   Nitric oxide   

NOS  Nitric oxide synthase 

NOXs  NADPH oxidases   
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O2.-  Superoxide   

OXPHOS Oxidative phosphorylation    

pmf  Proton motive force   

RC  Respiratory chain   

RET  Reverse electron transport   

RISP  Rieske iron-sulphur protein   

ROS  Reactive Oxygen Species   

S1QELs Suppressors of site IQ Electron Leak    

S3QELS Suppressors of site IIIQo Electron Leak 

XO  Xanthine oxidase    
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1. Introduction 
 

1.1. Mitochondria and ageing: the unavoidable decay of the cellular powerhouse. 

 

Mitochondria are popularly known as the “powerhouses” of the cell, referencing their role in 

the production of cellular energy. Along with producing the majority of cellular energy they are 

also required for many vital biosynthetic processes instrumental for survival, such as the 

synthesis of iron-sulphur clusters, CoQ and pyrimidines. Mitochondria are also signalling hubs 

that generate essential cellular components, regulate metabolism, and control cell fate.  In the 

process of aging mitochondria become less efficient, producing less ATP and more Reactive 

Oxygen Species (ROS). The accumulation of these defective mitochondria is a universal 

hallmark of ageing observed across cell types and species [1]. Given the essential role 

mitochondria play in cellular metabolism it is unsurprising that age-associated loss of 

mitochondrial function has been linked with onset of many age-related diseases such as 

cancer, diabetes and Parkinson's disease [2]. We do not understand how or why defective 

mitochondria accumulate with age or how we could prevent, delay, or reverse this. Identifying 

approaches to maintain mitochondrial homeostasis will help to increase health span and delay 

the onset of devastating age-associated diseases.  

 

The rise in mitochondrial ROS (mtROS) with age correlates with increased levels of oxidative 

damage in the form of oxidised proteins, lipids and DNA [3]. For many years, the accumulation 

of oxidative damage was considered the leading underlying cause of ageing [4]. Now it is 

accepted that neither ROS nor oxidative damage drive ageing but consequence of it and as 

such contribute to the onset of age-associated disease [5-7]. This explains why both 

supplementation and genetic overexpression of antioxidants fails to extend lifespan in animal 

models [3, 8] or positively impact human health in controlled clinical trials [9]. High levels of 

mtROS cause cellular alterations and compromise health span. The failure of antioxidant 

therapies to prevent this indicates that the effects of excess mtROS are complex and cannot 

be explained solely by oxidative stress and the accumulation of oxidative damage. One often 

missing variable in this equation is the role ROS play as signalling molecules. ROS participate 

in three processes that determine cell fate, namely cell division, differentiation/growth, and 

death. Interruption of mtROS signalling can therefore have potentially severe consequences 

on survival. For example, moderate levels of mtROS, produced in a controlled manner, are 

required for differentiation of haematopoietic progenitors in Drosophila [10], exercise induced 

muscle adaptation in humans [11] and  activation of the inflammasome in response to infection 

[12]. A massive increase in mtROS concentration, such as that observed during ageing [13], 

not only increases oxidative damage but also severely alters redox signalling and 
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consequently cellular fate. There is plenty of evidence in the literature of high levels of mtROS 

triggering oxidative stress and subsequently oxidative damage.  A much less investigated topic 

is how increased production of mtROS may interrupt redox signalling, although interest in 

understanding this is growing and is the topic of this review. Here, we aim to review the latest 

research on mtROS, taking into consideration where and when ROS are produced, how they 

participate in redox signalling, contribute to cellular homeostasis and the consequences of 

mtROS signalling dysregulation. We will focus on ROS produced by mitochondrial CI and CIII. 

CI and CIII are the two ROS generators which have been studied most in vivo [14]. The 

production of ROS, at CI and CIII, is directly related to the reduction status of the mitochondrial 

CoQ pool. We will review how changes in the redox state of CoQ determine the electron leak 

from CI and CIII. Finally, we will discuss how age-associated loss of mitochondrial activity 

affects redox signalling and discuss strategies to preserve mtROS signalling in aged 

individuals.  

 

1.2.  The Electron Transport Chain: imperfect machine or sophisticated communication 

system? 

 

In our revision of the literature, we will focus on mtROS and their role in ageing. There are 

ROS generators located outside the mitochondrion and they may contribute to ageing. We will 

refer to them when appropriate but they will not be discussed in detail as there are already 

many excellent reviews on this topic [15, 16]. Within mitochondria, the respiratory chain (RC) 

is the main site of  ROS production, although ROS are also produced at sites outwith the 

electron transport chain (ETC) [17].  The RC synthesises energy in the form of ATP, with the 

majority of mitochondrial functions coupled to the uninterrupted transfer of electrons through 

ETC. For example, pyrimidine biosynthesis [18] or histone acetylation [19] are seriously 

affected if electron transport is interrupted. The RC is made of five respiratory complexes. 

Respiratory complexes I to IV are part of the ETC and work closely coupled to the function of 

respiratory complex V (CV, aka ATP synthase), which completes oxidative phosphorylation 

(OXPHOS). ETC complexes I (aka NADH:ubiquinone oxidoreductase) and II (aka succinate: 

ubiquinone reductase, CII) introduce electrons into the ETC, while complexes I, III (aka 

ubiquinol: cytochrome c oxidoreductase) and IV (aka cytochrome c oxidase, CIV) use the 

energy released by the transfer of electrons to pump protons into the intermembrane space. 

The pumping of protons to the intermembrane space generates a proton motive force (pmf), 

which is used by CV to phosphorylate ADP to ATP, with energy produced during the transport 

of protons back to the matrix. Pmf has two components one chemical, i.e. pH, and one 

electrical, i.e. the charge differential between the intermembrane space and matrix, known as 

the membrane potential. As we will see, pmf is one of the critical factors which determine 
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electron leak and the subsequent ROS production by ETC. The difference in pH (∆pH) 

between the intermembrane space and the mitochondrial matrix is extraordinarily complicated 

to measure in vivo and so membrane potential is used as a proxy measurement for pmf [20]. 

Other than CI and CII, dehydrogenases including glycerol-3-phosphate dehydrogenase, 

electron-transferring flavoprotein ubiquinone oxidoreductase and dihydroorotate 

dehydrogenase can introduce electrons into ETC and contribute to the generation of pmf.   

 

All electrons which enter the ETC are transferred to a molecule of ubiquinone (CoQ) which 

becomes ubiquinol (CoQH2) when reduced by two electrons. CoQH2 transfers electrons to CIII, 

and CIII gives them to cytochrome c. As we will see, the redox state of CoQ (i.e. the ratio of 

CoQH2 to CoQ) is the other primary determinant, together with the ∆pH, of electron leak within 

the ETC.  Cytochrome c transfers electrons to respiratory CIV. In aerobic organisms, the final 

acceptor of electrons, which do not have enough energy to facilitate proton pumping, is oxygen. 

Oxygen is reduced by CIV with four electrons and two protons. Most electrons that enter the 

ETC end up participating in the reduction of oxygen to water by CIV. However, a small fraction 

of them, between 0.1-2% depending on the experimental conditions, leak out of the ETC 

before reaching CIV and reduce oxygen directly producing mainly superoxide that is 

immediately dismutated to hydrogen peroxide by SOD1 or SOD2 [21].  Historically, mtROS 

were considered as unavoidable by-products of metabolism [22] and the ETC as imperfect 

and unable to operate without producing “pollutant” free radicals. This has now been shown 

to be incomplete, with mtROS now seen as essential cellular messengers and the ETC a 

sophisticated communication system that produces redox signals in response to metabolic 

alterations [23]. Current research is not focused on preventing all ROS production, but in 

understanding when and how it should be stimulated to favour redox signalling as well as 

identifying ways to specifically inhibit unwanted electron leak.   

 

In ageing, there is a decrease in mitochondrial respiration that is conserved across species 

and has been described in various cell types and tissues [24-28]. The age-associated 

alteration in mitochondrial respiration has two consequences. It increases levels of mtROS 

and alters other processes associated with the ETC such as synthesis of pyrimidines or iron-

sulphur clusters [29]. A number of studies report that CI is more affected than other respiratory 

complexes, with its activity reduced principally and more quickly than the activity of other 

respiratory components [13, 27, 30]. This could be explained by CI having, a greater number 

of subunits than the other ETC complexes, a more complicated assembly process and that 

the majority of its subunits are exposed to ROS generated within the matrix [31, 32]. In line 

with this, turnover of CI subunits is faster than that of proteins part of other respiratory 
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components both in Drosophila melanogaster [33] and in mouse cell culture [32]. Autophagy 

is decreased during ageing [34], the faster turnover required by CI subunits could contribute 

to the more profound decline in CI activity observed in ageing and age-related diseases [13, 

30]. As we will analyse, the age-associated decline of CI can affect ROS production and the 

essential signalling pathways that they control.  

 

2. The conflicting effects of mtROS on ageing 
2.1 Low versus High Reactive Oxygen Species: signalling versus damage. 

One reason why the field of redox biology has not advanced as quickly as anticipated is that 

for many years all ROS were considered as a singular "bad" entity. Now, it is understood that 

ROS are not all the same. There are numerous types of ROS, with differing reactivities and 

half-lives [15]. Superoxide (O2
.-), for example, is a free radical and therefore more reactive 

than non-free radical ROS such as hydrogen peroxide (H2O2).  Superoxide and hydrogen 

peroxide are the most abundant and most studied ROS in vivo [8]. They are produced when 

oxygen is reduced with either one or two electrons. They will be the focus of this review and 

the term ROS will refer to either superoxide and/or hydrogen peroxide unless otherwise noted. 

Other than superoxide and hydrogen peroxide, the hydroxyl radical (HO.), the result of 

reducing oxygen with three electrons is often cited as critical for ageing. Despite this it is rarely 

directly measured in ageing studies due to its high-reactivity and short half-life and is usually 

estimated using various proxy measurements of oxidative damage such as levels of lipid 

oxidation or protein carbonylation.  ROS can be divided into two categories according to their 

reactivity: (i) low Reactivity Oxygen Species (loROS) and (ii) high Reactivity Oxygen Species 

(hiROS). Superoxide and hydrogen peroxide are examples of loROS, whereas the hydroxyl 

radical is an example of hiROS.  

loROS have a limited capacity to directly attack lipids, proteins and nucleic acids [29]. Cells 

possess a complex system of enzymatic antioxidants that specifically neutralise superoxide 

and hydrogen peroxide. Superoxide is immediately dismutated to hydrogen peroxide by SOD1 

or SOD2 [29], while hydrogen peroxide is detoxified by different set of enzymes depending on 

where and how much is generated. These include catalases, glutathione peroxidases and 

peroxiredoxins.  hiROS, such as the hydroxyl radical, directly attack biological molecules. It is 

unclear if the hydroxyl radical is ever produced as a by-product of oxidative phosphorylation, 

or instead, as a result of the reaction of either superoxide or hydrogen peroxide with free 

metals (e.g. Fe2+) through the Fenton and Haber-Weiss reactions [29]. Other examples of 

hiROS are singlet oxygen, peroxynitrite and hypochlorous acid. Outwith certain exceptions, 

such as hypochlorous acid which is produced by neutrophils to fight a bacterial infection, how 
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often hiROS are produced in non-pathological conditions is unclear. The lack of specific 

antioxidant systems targeting hydroxyl radicals suggests that hiROS production is rare or 

unpredictable and therefore there was likely no evolutionary advantage to developing a highly 

specific, but energetically expensive, detoxification system. It is important to emphasize that 

this contrasts with loROS where specific antioxidant systems allow control of loROS levels.  

Non-enzymatic antioxidants such as vitamin C, E and uric acid can protect against the effects 

of hiROS. From a signalling standpoint, antioxidants could acts as modulators and even 

transducers of ROS signals [35]. For instance, catalases can eliminate a hydrogen peroxide 

signal, while peroxiredoxins can oxidise specific cysteine residues within proteins with 

electrons from hydrogen peroxide, transmitting information in the process [36].  In fact, the 

“redox-relay” model proposes that peroxiredoxins act as transducers of information 

recognising and oxidizing specific target proteins that control redox-modulated signalling 

pathways  [37]. Alternatively, the “floodgate” model states that peroxiredoxins “only” allow 

transmission of information when hyperoxidized [38]. Most likely, both models are partially 

correct and peroxiredoxins participate in redox signalling acting both as “relays” and “gates” 

depending on the physiological context.  

In vivo, hiROS are most likely produced by reactions of loROS with free transition metals. An 

excellent example of this is mitochondrial superoxide attacking iron-sulphur clusters of CI, CII 

and aconitase, producing hydroxyl radicals through the Fenton/Haber-Weiss reactions [29]. In 

pink1 mutant flies, high levels of mtROS result in the release of free iron from aconitase 

increasing oxidative damage and causing substantial behavioural and morphological 

alterations [39]. These deleterious phenotypes are supressed when iron-sulphur clusters have 

been eliminated from aconitase using site-specific mutagenesis. Similarly, high levels of 

superoxide can react with nitric oxide to produce peroxynitrite that inactivates proteins through 

amino acid nitration, which is an oxidative stress marker found in the brain of Alzheimer's 

patients [40]. 

As we will discuss in detail, one consequence of the accumulation of damaged mitochondria 

during ageing is an increased level of hiROS due to the very high levels of superoxide and 

hydrogen peroxide produced by "old/dysfunctional" mitochondria. This triggers oxidative 

stress and supresses redox signalling by diminishing the capacity of the cell to differentiate 

specific mitochondrial ROS signals.  For any signal to be effective, it must be produced in 

response to specific stimuli and with the appropriate strength. With redox signalling this is 

achieved by the site specificity of production and the amount of ROS.  Thus, it is essential that 

the signal can be switch on and off to maximise the transmission of information. Although both 

superoxide and hydrogen peroxide have been proposed as redox messengers, the latter is 

theoretically the stronger candidate as it is not a free radical, is more stable and uncharged. 
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Therefore it can diffuse further from the site of production, including through lipid membranes 

[41]. Accordingly, the Sanz’s laboratory has recently shown that mitochondrial hydrogen 

peroxide is necessary for stress adaptation in Drosophila melanogaster [42]. When 

mitochondrial hydrogen peroxide levels are drastically reduced through expression of a 

mitochondrially-targeted catalase, these flies are short lived under both thermal and oxygen 

stress, hypoxia and hyperoxia. Reducing levels of mitochondrial superoxide without 

decreasing mitochondrial hydrogen peroxide did not result in reduced survival under stress. 

Similarly, a mitochondrially-targeted catalase expressed in mouse glial cells causes significant 

dysregulation of neuronal metabolism and cognitive alterations [43], demonstrating that 

hydrogen peroxide signalling is instrumental for optimized brain function. 

Finally, evidence from many independent laboratories in various model organisms illustrates 

that enhancing mtROS levels through chemical or genetic disruption of the ETC contributes 

to extension of cellular homeostasis and lifespan in worms, flies and possibly also in fish and 

mice [8, 44]. This phenomenon has been named mitohormesis, based on the hypothesis that 

the same mechanisms that protect against oxidative stress are activated to protect the 

organism and extend lifespan [45]. It is unclear what the exact mechanisms that extend 

lifespan when mtROS are experimentally manipulated are. Initially, antioxidants were 

considered as the canonical candidates, however overexpression of antioxidants per se does 

not prolong lifespan [3] and overexpression of antioxidants in animals where mtROS have 

been increased suppresses the lifespan extension effects of mtROS [46, 47]. Despite the 

positive effects of increasing mtROS on longevity, we should keep in mind that when mtROS 

or any other ROS are in excess, in the wrong place and for too long, they are dangerous and 

can have negative consequences on cells and tissues [48] as well as on the lifespan of the 

organism [49]. 

2.2. In vitro versus in vivo ROS: a problem of resolution.  

Another significant barrier to progress in understanding the redox biology of ageing is the 

complexity of estimating mtROS concentrations in vivo. Until recently identifying the site of 

mtROS production was extremely challenging. For years mtROS levels were measured using 

isolated mitochondria supplemented with saturating concentrations of substrates, to feed the 

ETC, as well as inhibitors specific to each respiratory complex to interrupt electron flow [8]. 

This approach allows high resolution and therefore the identification of the source and 

mechanism underlying mtROS production. Despite this, it has many drawbacks. 

Measurements are taken in supraphysiological oxygen levels, in the absence of contact with 

the cytosol and other organelles. They rely on unphysiological saturating concentrations of 

substrates to direct electron entry specifically through CI or CII, either in the absence of or 

saturation of ADP, detect only hydrogen peroxide leaked by mitochondria and artificially alter 
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the redox state of the ETC due to the use of inhibitors. Together these call into question the 

physiological relevance of measurements in isolated mitochondria but we cannot completely 

dismiss work carried out with isolated organelles. We certainly observe differences in mtROS 

production between populations of mitochondria isolated from different animals or individuals, 

indicating functional or morphological differences between them. Mitochondria isolated from 

livers of protein-restricted rats produce less hydrogen peroxide [50]. Western-blot analysis 

shows that mitochondria from protein-restricted rats have lower levels of CI, explaining the 

lower levels of mtROS [51]. Similarly, pigeon heart mitochondria produce fewer mtROS and 

have lower levels of CI when compared to rat mitochondria [52].  In mouse fibroblasts, 

reduction of CI, by promoting degradation of the complex, results in decreased levels of 

mtROS [32]. In conclusion, measurements in isolated mitochondria are useful when used in 

combination with other approaches like mass spectrophotometry to uncover and understand 

the functional and morphological differences of mitochondria or when comparing different 

individuals, species or experimental conditions. 

Mitochondria isolated from long-lived individuals or species produce fewer mtROS. In most 

cases these differences are only apparent under certain conditions,  when CI-linked substrates 

(e.g. pyruvate, glutamate, proline) or succinate (without rotenone), that induces reverse 

electron transport (RET), are used [53]. Many of these studies do not measure CI and CIII 

derived ROS in similar conditions. Usually, the concentration of succinate (+rotenone) to study 

CIII ROS is between four and five times higher than the concentration used with CI-linked 

substrates. Under these conditions, CIII  becomes highly reduced (i.e. more than CI) possibly 

masking differences in electron leak [54]. It is possible that using lower concentrations of 

succinate, CIII would also produce fewer ROS in long-lived animals/individuals. CI and CIII 

are not the only producers of ROS within mitochondria, in mitochondria isolated from rat 

skeletal muscle up to 11 different ROS generators have been identified [55]. These might only 

produce ROS when saturating concentrations of substrates are used and/or when electron 

transfer is inhibited by specific drugs. Accordingly, when saturating substrates and inhibitors 

are replaced by an ad hoc media that mimics cytosolic conditions found in muscle during either 

rest or exercise, they find that main generators of ROS are CI, CII and CIII [56]. In the previous 

study, the authors estimate mtROS levels using two methods. The classical 

peroxidase/Amplex Red protocol, where Amplex Red is oxidised by hydrogen peroxide, and 

endogenous reporters which allow indirect quantification of ROS levels from either the flavin 

site of CI (IF) or the external quinone site of CIII (IIIQo) [57]. The endogenous reporters 

estimate the generation of superoxide from IF and IIIQo by following changes in the redox 

state of NAD(P)H and cytochrome b655 respectively. They evaluate ROS produced 

specifically by CI and CIII without using inhibitors and avoiding some of the disadvantages of 
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the Amplex Red/peroxidase system [58]. Use of endogenous reporters or Amplex 

Red/peroxidase produce comparable results. Under conditions that simulate those observed 

in resting muscle, the quinone-binding site of CI (IQ) and IF produced most of the ROS. 

However, when conditions simulate muscle during exercise, ROS production is decreased at 

all sites and IF is the main site of ROS production [57]. For the most part ex and in vivo studies 

support that CI and CIII are the main sources of ROS, with CII playing an essential role in 

certain cancers resulting from mutations in CII subunits [59]. 

Mitochondria are believed to be the main generators of ROS in cells. The process of OXPHOS 

is the primary consumer of cellular oxygen and continually working to produce ATP. However, 

as we mentioned, most work investigating mtROS production has been carried out in isolated 

mitochondria, making an equal comparison with other sources of ROS unfeasible. Measuring 

mtROS in cell culture is an alternative that allows assessment of how much ROS comes from 

mitochondria in comparison to the rest of the cell. It avoids all the caveats outlined above with 

the exception of supraphysiological oxygen concentrations. This could be avoided by culturing 

cells under physiological oxygen conditions using a hypoxic chamber, but cells are routinely 

cultured in 20% environmental oxygen and not under normoxic conditions, which results in 

specific adaptations e.g. cells adapt by becoming extraordinarily glycolytic. These alterations 

mean cells behave very differently from how they would in vivo [60].  Studies using cells or 

tissues usually only measure total ROS or ROS produced by mitochondria and only a few 

published studies investigate the different generators of ROS in the same experimental 

conditions. The laboratory of Martin Brand has investigated where and how much ROS are 

generated in cells cultured in vitro. They have shown that in myoblasts (C2C12), mitochondria 

produce no more than 50% of total hydrogen peroxide [61]. They measured the total amount 

of peroxide leaking from the cell since the Amplex Red/peroxidase system does not enter the 

cell. The proportion of total ROS produced by mitochondria does not change when myoblasts 

differentiate to myotubes. In a recent publication [62], Brand’s laboratory extend this analysis 

with several more cell types including primary and immortalised cell lines from seven different 

tissues (bone, cervix, heart, liver, lung, neuronal and skin) derived from both rodents and 

humans. They observed variability in the amount of ROS produced by mitochondria in different 

cell lines but did not report a single case where mitochondria produced more than 50% of total 

ROS. In the majority of cell lines studied, significant ROS were produced by NADPH oxidases 

(NOXs) [62]. It is possible that mitochondrial peroxide is largely neutralised before leaking the 

cells, and therefore these measurements underestimate the contribution of the mitochondria.  

These studies also do not consider superoxide that is not detoxified by superoxide dismutases, 

that may contribute to oxidative damage. In any case, we should not discount the amount of 

superoxide and mainly hydrogen peroxide which is produced by other organelles, such as the 
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endoplasmic reticulum and peroxisomes, and individual enzymes, such as NOXs, 

monoaminoxidases, cyclooxygenases and nitric oxide synthases (NOS).  NOXs are the single 

most important generators in most of cell lines studied by the Brand lab [62], and peroxisomes 

produced more hydrogen peroxide than mitochondria in hepatocytes isolated from rats [63]. 

As we have outlined, understanding where exactly ROS are produced within mitochondria is 

extremely important to be able to manipulate mtROS levels to extend health span. In our field, 

a common approach to dissecting the source of ROS can be summarised in four steps (Figure 

1). Firstly, identify a phenotype to study, e.g. differences in lifespan between two different 

groups. Secondly, measure mtROS levels and determine the nature of the relationship 

between mtROS levels and the phenotype under study, in our example lifespan. Thirdly, inhibit 

mtROS production by the suspected generator using chemical and/or genetic approaches. 

Finally, to confirm the role of the mtROS generator on lifespan, use over-expression of or 

supplementation with antioxidants to supress the effects on longevity. If possible, induce ROS 

through an alternative mechanism and test whether the phenotype is recapitulated. These 

steps are essential to be able to confirm how site specific mtROS signals regulate 

physiological phenotypes. However, some steps can be difficult and are omitted. For example, 

inhibitors required to block site specific ROS production are restricted to ROS measurements 

as they can be toxic in animals preventing their use in lifespan studies. This four-step approach 

is used routinely nowadays, but it is not without critics. The main criticism cites that inhibition 

of one site in the ETC will increase (or decrease) ROS leak upstream (or downstream) [61]. 

Therefore, observed decreases in ROS or phenotypic effects may be a result of these 

accessory changes in ROS and not of the intended modification. 

An alternative to the use of a selective ETC inhibitor, is the use of molecules that selectively 

trap electrons which leak from specific ROS producers without interrupting mitochondrial 

respiration. Suppressors for the IQ and the IIIQo sites are unsurprisingly called Suppressors 

of site IQ Electron Leak (S1QELs) and Suppressors of site IIIQo Electron Leak (S3QELS) [64]. 

S1QELs trap electrons leaked from IQ before they can react with oxygen. S3QELs do the 

same but with electrons from IIIQo. The use of S1QELs and S3QELs in combination with 

specific inhibitors of other ROS-generators allows estimation of the contribution of CI and CIII 

to cellular ROS levels [61]. Like similar molecules, the use of S1/3QELs is not without caveats, 

particularly in vivo. In animals, it can be difficult to guarantee that S1/3QELs reach the right 

site and exclusively that site, and if they do that they work as expected.  

3. CoQ, a master regulator of redox signalling 
3.1 The redox state of CoQ regulates CI/CIII ROS production  
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Electron leak at respiratory CI and CIII is strongly influenced by the redox state of the CoQ 

pool. CoQ is a two-electron carrier universally present in lipid membranes of plants, animals, 

fungi, and bacteria. In the mitochondrion, it receives all electrons entering the ETC and 

transfers them to CIII.  CoQ can hold three redox states: oxidized (ubiquinone, CoQ), semi-

oxidized with one electron (semi-ubiquinone, CoQ.) or reduced with two electrons (ubiquinol 

CoQH2) (Figure 2).  Both CoQH2 and CoQ are stable and non-radical forms, but CoQ. is a free 

radical and can donate its unpaired electron to oxygen, forming superoxide. This happens 

both at the IQ and IIIQo site [65]. The redox state of CoQ is determined by the entry and exit 

of electrons into ETC. A high CoQH2: CoQ ratio increases the half-life of CoQ. and favours the 

formation of superoxide [21]. Accordingly, the  CoQH2:CoQ ratio, together with pmf, are the 

determining factors of electron leak from the ETC and therefore of mtROS production [66]. 

The CoQH2:CoQ ratio has been proposed to act as a sensor of mitochondrial function and 

transmitting this information through a ROS-RET signal produced by CI [32, 67].  

CI produces ROS in both the forward and reverse direction [14]. ROS production in the reverse 

direction was first described by Britton Chance in the 1960s [68]. Chance reported the 

generation of NADH from NAD+ in isolated mitochondria upon succinate supplementation. 

NADH is generated thanks to RET from CoQH2 to CI. Interestingly, during RET, a significant 

amount of ROS is generated by CI. It is widely accepted that the IF site produces ROS when 

electrons are transported in the forward direction and inhibitors of the IQ site are used to block 

the exit of electrons [21]. However, it is highly controversial at which site ROS are produced 

during RET [69]. Some studies support IF as the only site of ROS production during both 

forward and reverse electron transport [70, 71], while others propose that during forward 

electron transport , IF is the site of electron leak, whereas during RET IQ is the site of electron 

leak [55]. S1QELs, that specifically trap electrons preventing leaking from the IQ site, have 

recently been shown to inhibit ROS-RET in several physiological settings such as ischemia-

reperfusion, supporting the idea that IQ is the site of electron leak during RET [64]. Irrespective 

of where ROS are produced in CI, inhibition of CII suppresses ROS-RET [48], suggesting that 

CII is necessary for RET. Other dehydrogenases that feed the ETC by reducing CoQ to CoQH2 

are also potentially involved in generating ROS-RET. Accordingly, it has been shown that 

feeding electrons to ETC via  glycerol-3-phosphate dehydrogenase [72], the electron-

transferring flavoprotein [32] or dimethylglycine dehydrogenase [73] triggers ROS-RET in vitro.  

ROS-RET depends on two factors: (i) the redox state of CoQ, and (ii) pmf [13, 66]. When 

either of these is abolished or sufficiently reduced RET cannot occur and ROS levels return to 

normal. In vitro studies using isolated mitochondria show that around 60% of the CoQ pool 

needs to be reduced for ROS-RET to occur. Expression of the alternative oxidase (AOX) from 

Ciona intestinalis decreases the redox state of CoQ by around 20%, without affecting 



15 
 

membrane potential, and reduces ROS levels more than 100% [66]. In vivo expression of the 

alternative NADH dehydrogenase 1 (NDI1) from Saccharomyces cerevisiae increases the 

redox state of CoQ in the fly brain by approximately 15%, this mild increase is sufficient to 

trigger ROS-RET [13]. Co-expression of NDI1 and AOX prevented both the increase in levels 

of CoQH2 and ROS.   

ROS-RET is also regulated by pmf. For RET to occur a pmf high enough to provide energy for 

electron transfer from CoQH2 to CI is required.  It is unclear how the conditions required for 

ROS-RET arise in vivo. Diverse scenarios are supported by different in vivo models of ROS-

RET. During ischemia-reperfusion, two events precipitate ROS-RET [48]. First, there is an 

accumulation of succinate during the ischemic phase due to the interruption of electron flow 

caused by oxygen deprivation. Second, this accumulated succinate is rapidly oxidised by CII 

during reperfusion which causes both over-reduction of CoQ, as well as an elevated pmf, that 

produces RET. Accordingly, inhibition of CII prevents an increase in ROS and protects against 

damage generated during ischemia-reperfusion [48]. Similarly, specialised cells of the carotid 

body, which detect changes in oxygen levels in the blood, have higher levels of succinate than 

other neurons. This facilitates triggering ROS-RET under conditions of hypoxia [74]. 

Macrophage reprogramming in response to bacterial stimuli is mediated by ROS-RET. Under 

these conditions, ROS-RET is achieved by inhibition of CV, which increases pmf, and 

increasing succinate oxidation, which increases CoQH2 reduction [75]. In the brains of fruit 

flies, expression of NDI1 minimally increases electron entry into the ETC [76]. However, this 

modest increase is sufficient to increase the redox state of CoQ and trigger ROS-RET [13]. In 

the absence of NDI1, ROS-RET is initiated in brains of wild-type flies, when exposed to 

thermal stress i.e. incubation from 25 to 32 °C.  We can hypothesize that the mechanism that 

triggers RET under thermal stress relies on increased substrate oxidation by the ETC that 

occurs under these conditions [77].  

CIII is a major source of ROS within the ETC. Within CIII, ROS are generated at the IIIQo site  

[78]. The reason why IIIQo is a hotspot for electron leak is the way electron transfer occurs 

through the CIII Q-cycle. Within the complex, the electrons carried by CoQH2 are split in two, 

one goes to the Rieske iron-sulphur protein (RISP) and the other to cytochrome bL. RISP 

donates electrons to cytochrome c1, while cytochrome bL contributes to the reduction of CoQ 

to CoQH2 via cytochrome bH. As in CI, there is univalent transfer of electrons, with the Q-cycle 

requiring CoQ. formation to be completed. CoQ. is usually immediately reduced with an 

electron provided by the oxidation of CoQH2. However, when there is a block in the ETC or 

increased reduction state of some downstream components, slowing electron flow, CoQ. tends 

to reduce oxygen to superoxide instead. For example, blocking IIIQi with antimycin A prevents 

further reduction of CoQ. and triggers the generation of superoxide [79]. In vivo, situations that 



16 
 

increase the reduction of the CoQ pool or downstream molecules involved in electron transfer, 

boost the production of superoxide within CIII. An excellent example of this is how cellular 

hypoxia results in ROS production from the IIIQo [80]. A recent paper by Pablo Hernansanz-

Agustin and co-workers dissects in detail the molecular mechanisms that trigger ROS 

production from CIII during hypoxia [81]. Firstly, hypoxia-induced deactivation of CI causes 

acidification of the mitochondrial matrix, which subsequently increases mitochondrial free Ca2+. 

This rise in Ca2+ activates the exchange of mitochondrial Ca2+ for cytosolic Na2+. Mitochondrial 

Na2+ reacts with phospholipids of the inner membrane, decreasing membrane fluidity and 

slowing movement of CoQ within the inner membrane. This presumably increases the half-life 

of CoQ.  and favours its reaction with oxygen to produce superoxide. Similarly, circumstances 

which favour the formation of CoQ. at IIIQo by increasing the reduction of the CoQ pool or 

reducing electron flow downstream of CIII will promote ROS production. 

3.2 Experimental manipulation of the redox state of the CoQ pool 

As we have seen, the redox state of the CoQ pool determines the amount of ROS produced 

by CI and CIII. Therefore, experimentally manipulating the ratio CoQH2:CoQ, particularly in 

vivo, should be a priority within the redox biology field.  Increasing or decreasing the oxidation 

of CoQ in isolated mitochondria is quite simple. It can be achieved by using saturating 

concentrations of succinate to increase the redox state of the CoQ pool, triggering ROS-RET 

[66] or by using inhibitors to interrupt the electron flow, increasing or decreasing the amount 

of reduced/oxidised CoQ, e.g. blocking IIIQi with antimycin A triggers ROS production by 

stabilising CoQ. [82]. In vivo, the ETC receives electrons from multiple substrates at different 

entry points; thus, both the substrates and entry points are different in distinct physiological 

states (e.g. rest versus exercise) and cells types (e.g. neurons versus glia) [43, 56].  Using 

ETC inhibitors is also complicated by the difficulties in ensuring delivery and function when 

used in animals, while inhibitors may be toxic at concentrations required to stop electron flow. 

Finally, interrupting electron flow not only alters the redox state of CoQ but also affects the 

oxidation state of many up and downstream ROS generators.  

As we have mentioned, using S1QELs and S3QELs it is possible to specifically trap electrons 

at the IQ and IIIQo sites, respectively. Like traditional inhibitors, it can be challenging to 

specifically target the S1QELs/S3QELs to the required cells. The use of the so-called 

"alternative respiratory enzymes" allow evasion of these caveats. Alternative respiratory 

enzymes are so called as they are not expressed within the human ETC but are standard 

components of the ETC of plants, bacteria, fungi and some animal species [83]. Two of these 

enzymes, the already mentioned AOX and NDI1 have been extensively used to by-pass 

blocks in the ETC, alter the redox state of CoQ and the ROS generation [84] (Figure 2).  
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Like CIV, AOX accepts electrons from the CoQ pool and reduces oxygen to water with four 

electrons and two protons. AOX contributes to maintaining the oxidised state of the CoQ pool, 

reducing both electron leak and ROS levels [85]. When it is active, AOX by-passes both CIII 

and CIV [86] and has been shown to reduce ROS from both CI, preventing ROS-RET [66] and 

CIII [79]. AOX activity depends on the reduction level of the CoQ pool. When the CoQ pool is 

"over-reduced" AOX is active and will compete with CIII for electrons [87]. There are several 

classes of AOX enzymes, with differing affinities for both oxygen and CoQH2. Each class of 

AOX is expressed or active in different physiological situations [88].  In mammalian cells, AOX 

from the fungi Aspergillus nidulans [89] and the ascidian Ciona intestinalis [86] have been 

expressed. However, the majority of studies in animals has been performed with Ciona AOX  

[90, 91]. AOX is active in vivo but it is difficult to measure what degree of CoQ pool reduction 

is required for AOX activity. AOX (Figure 2) has been shown to by-pass chemical inhibition of 

CIII and CIV in human cell culture, flies and mice [86, 90, 91], depletion of CIV subunits in flies 

[92], mutation of the CIII assembly factor BCS1L [93], increase survival in mice injected with 

Lipopolysaccharides (LPS) [75], rescue developmental defects caused by interruption of Jun 

N-terminal Kinase and restore mobility [94] in dj1β mutant flies (orthologue of the human 

PARK7) [90]. However, AOX expression in flies did not rescue mutations in tko (fly orthologue 

of the human MRPS12) [95], sesB (orthologue of the Adenine Nucleotide Translocator, ANT 

1) [96], mtDNA-helicase (orthologue of Twinkle) or tamas [97]. Furthermore, AOX lowers 

survival of mice carrying a muscle-specific mutation of COX15 [98], aggravates symptoms 

associated with cardiac arrest, despite preventing ROS-RET, in mouse models where heart 

circulation is interrupted [99] and severely shortens lifespan of flies under thermal stress, 

hypoxia and hyperoxia [42]. 

NDI1 works in the opposite way to AOX, i.e. reduces CoQ to CoQH2 and therefore increases  

reduction of the CoQ pool [13] (Figure 2). NDI1 from three different species have been 

expressed in animals, Aspergillus nidulans [89], Saccharomyces cerevisiae [100] and Ciona 

intestinalis [101]. In the fly brain, NDI1 triggers ROS-RET and extends the lifespan of 

Drosophila melanogaster  [76, 100, 102]. NDI1 is also able to restore electron transfer to CIII 

when CI is inhibited. This restores CIII ROS production [103]. Using this strategy, metformin 

has been shown to protect against tumour growth, reducing CIII ROS by inhibiting CI. When 

metformin is present CI is blocked and electrons do not reach CIII. Without CIII derived ROS 

tumours fail to grow, restoring electron flow with NDI1 restores both CIII ROS levels and 

tumour growth.  As with AOX, it is unclear when NDI1 is active, i.e. Is it active constitutively or 

only when there is an accumulation of NADH in the mitochondrial matrix? In cell culture, NDI1 

by-passes both chemical inhibition [103] and genetic depletion of CI [104]. Similarly, NDI1 

rescues effects of mutations in several CI subunits in flies [100, 105] and mice [106]. In addition 
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to extension of Drosophila lifespan, NDI1 rescues Parkinson's like pink1 mutant flies [107], 

protects against the effects of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 

rotenone injection in rodent models of Parkinson's disease [108, 109] and reduces damage 

caused by ischemia-reperfusion in mice [110]. 

4. CI and CIII ROS in signalling 

AOX and NDI1 act to induce or supress critical physiological processes via ROS production. 

This indicates that ROS produced in response to altered redox states of CoQ are instrumental 

for cellular homeostasis. In the last 20 years, several laboratories have provided evidence that 

ROS produced specifically at CI (Figure 3) or CIII (Figure 4) control specific physiological 

processes. This section will discuss a selection of the key events regulated by ROS production 

at CI or CIII in response to alterations of the CoQH2:CoQ ratio.  CI exclusively produces ROS 

into the mitochondrial matrix, while CIII derived ROS could end up in the matrix or the 

intermembrane space [82]. This allows compartmentalization of mtROS redox signalling.  

4.1 Physiological and pathological importance of CI ROS 

In most instances where CI ROS have been shown to be instrumental in the initiation of a 

specific physiological process, ROS were produced via RET (Figure 3). Until recently RET 

was considered to be an in vitro artefact. As we outlined in the previous section, ROS-RET 

depends on two parameters which integrate the status of electron flow (redox state of CoQ) 

and ATP production (pmf). These are the two most vital mitochondrial functions as the 

remaining mitochondrial roles rely on them.  RET results in ROS production at CI that can be 

modulated both in terms of duration and intensity according to the metabolic status of 

mitochondria.  To confirm that the observed ROS have been produced via RET we need to 

be able to prevent RET (Figure 3). We can do this by several ways: (i) using rotenone or 

another inhibitor of the IQ site to block electrons entering CI, (ii) blocking CII to prevent the 

reduction of CoQ (AOX expression would phenocopy this), or (iii) using uncouplers to dissipate 

pmf. Reducing the activity of CI or CII using RNAi interference or mutagenesis of subunits will 

also prevent RET and the use of S1QELs can also help in the validation of ROS-RET. 

Generally, use of more than one approach to confirm ROS-RET is recommended.  

CI linked ROS-RET has been shown to initiate some critical physiological and pathological 

events. ROS-RET is instrumental in vitro for the differentiation of myoblasts into myotubes 

[111]. It is also the mechanism that induces cell death during an infarct [48]. An infarct has two 

distinct phases; an ischemic phase when the tissue is deprived of oxygen resulting in the 

accumulation of succinate, followed by a reperfusion phase, when oxygen is restored to the 

tissue causing rapid oxidation of the accumulated succinate triggering ROS-RET. Preventing 

ROS-RET by using rotenone, blocking CII, dissipating pmf or using mitochondrially targeted 
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antioxidants was sufficient to prevent cell death occurring after reperfusion [48, 112]. This also 

has implications for organ transplantation. During a transplant, a similar process occurs where 

an ischemic phase is followed by reperfusion and the production of ROS-RET [113]. Inhibition 

of CII could help to preserve the integrity of the organ and positively affect transplant outcomes 

[113].  

Respiratory complexes are organised in super structures called supercomplexes [114]. The 

precise function these supercomplexes [115] is still controversial. They may have evolved to 

improve the transfer of electrons, reducing electron leak and as a result ROS production [116]. 

Supercomplexes are dynamic structures that adapt to the various substrates that fuel the ETC. 

The Enriquez laboratory has described the existence of two distinct pools of CoQ [117]. The 

respirasome, a supercomplex made by CI+CIII+CIV, utilizes one of these pools, while CII and 

other dehydrogenases use the other, complementing the respirasome. In mouse cells, the 

amount of CI and its integration into the respirasome is regulated by ROS-RET [32]. 

Respiration occurring in conditions where the NADH:FADH2 ratio is high (e.g. glucose 

oxidation) favour assembly of CI and formation of CI+CIII+CIV supercomplexes. In conditions 

where the NADH:FADH2 ratio is low (e.g. oxidation of fatty acids), CI is less needed, ROS-

RET is triggered and CI is degraded [32]. This degradation reflects an optimization of 

resources by the ETC.  

Cellular adaptation to hypoxia is a classic example of a physiological process regulated by 

CIII derived ROS. However, oxygen sensing in the blood and cardiorespiratory adaptations 

triggered by glomus cells of the carotid body in response to low oxygen are due to ROS-RET 

[74]. Glomus cells have a different metabolism than that of other neurons, dealing with 

exceptionally high levels of succinate. Hypoxemia increases the oxidation of succinate and 

elevates the CoQH2:CoQ ratio, subsequently initiating ROS-RET signalling [67]. Ndufs2 

knockout in mice abolishes the hypoxia response of the carotid body without altering the 

hypercapnia response, demonstrating the specificity of ROS-RET via CI [67, 74]. This 

response can also be attenuated using antioxidants, confirming the requirement of CI ROS-

RET. In mice, CI ROS-RET have been shown to play a pivotal role in pro-inflammatory 

reprogramming of macrophages in response to bacterial infection [75]. A common way to 

stimulate the antibacterial response is by exposing cells or animals to LPS. In response to 

LPS, macrophages undergo metabolic reprogramming, inhibiting oxidative phosphorylation 

and switching to glycolysis for ATP production. This is essential for the production of pro-

inflammatory cytokines such as IL-1β [75]. In line with this, bacterial challenge causes 

inhibition of CV and boosts succinate oxidation providing conditions which favour ROS-RET. 

Antioxidants or inhibition of CII with dimethyl-malonate prevents the transcriptomic 

reprogramming of macrophages as well as production of IL-1β. Furthermore, expression of 
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AOX protects mice against lethality resulting from LPS injection [75], demonstrating that AOX 

can supress ROS-RET production in mice in vivo.  

CI ROS-RET has been shown to regulate longevity in fruit flies. Expression of NDI1 increases 

the CoQH2:CoQ ratio and ROS in the fly brain [13]. NDI1 flies live longer than controls and  

have preserved mitochondrial function [76, 100].  ROS-RET production is suppressed in flies 

fed with rotenone, FCCP or where AOX is co-expressed. AOX co-expression also negated 

the lifespan extension conferred by NDI1 [13]. Co-expression of NDI1 with a mitochondrially 

targeted catalase suppressed the positive effect of NDI1 expression on lifespan, while co-

expression of SOD2 with NDI1 did not. This indicates that hydrogen peroxide and not 

superoxide mediates lifespan extension. As we discussed, hydrogen peroxide is the ROS with 

the best qualities to act as a redox messenger. The Sanz laboratory has shown that ROS-

RET is produced in the fly brain without expression of alternative respiratory enzymes. 

Drosophila are usually cultured at 25°C, under these conditions CI produces ROS mainly in 

the forward direction as shown by the increased ROS levels observed upon rotenone feeding. 

When exposed to thermal stress either at 29 or 32 °C, in the fly brain, CI switches to RET 

producing ROS-RET [42], which can be prevented by using rotenone, FCCP, inhibition of CII 

or co-expression of AOX to block RET. Suppression of ROS-RET with AOX or reduction of 

hydrogen peroxide levels though expression of a mitochondrially targeted catalase shortens 

lifespan under thermal, hypoxic and hyperoxic stress. However, overexpression of SOD2, 

which reduces superoxide but boosts hydrogen peroxide levels, extends lifespan of flies under 

stress. Mechanistically, suppression of ROS-RET abrogated the transcriptional stress 

response, indicating that increasing mitochondrial hydrogen peroxide production via ROS-

RET is required for stress adaptation. When “anti-stress” ROS signalling is induced in the 

absence of stress, we observe an extension of lifespan, e.g. with ectopic expression of NDI1 

in flies.  

Paradoxically, mice expressing AOX are not protected against ischemia-reperfusion and in 

the long-term accumulate more cellular damage than the controls [99]. Similarly, AOX 

expression in mice carrying a mutation in Cox15 shortens the already reduced survival of 

these mutants [98]. As in wild type flies exposed to stress, reducing mtROS levels in a 

background of CIV dysfunction prevents many adaptations, including upregulation of 

autophagy and antioxidant expression. It has been proposed that the increased ROS in Cox15 

mice are generated via RET, but it is also possible that they are generated by CIII (see below). 

In conclusion, there is significant evidence from a variety of published studies which indicates 

that low or suppressed levels of mtROS are detrimental under stress and that mitochondrial 

redox signalling plays a central role in stress adaptation. Therefore, therapies directed to boost 
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antioxidant defences need to be carefully balanced with the essential role that these mtROS 

signals play in homeostasis [42].  

4.2 Physiological and pathological importance of CIII ROS 

CIII in addition to CI is a main source of ROS within the ETC (Figure 4). In the field of ageing, 

focus on either complex as more critical for ROS production has swung over time [118-120]. 

Depending on the approach used to measure ROS levels (discussed above) either complex 

could appear to be the main source of ROS. These caveats can be avoided by performing one 

more of the following experiments to confirm ROS are produced by CIII in vivo:  (i) use of an 

IIIQo specific inhibitor (e.g. myxothiazol), (ii) knockdown or knockout of RISP, (iii) expression 

of AOX, (iv) inhibition of CI with, e.g. metformin and rescue of the block with NDI1, and (v) use 

of S3QLs. 

IIIQo is the site of ROS production within CIII. ROS produced by CIII are split roughly in half 

between the matrix and intermembrane space [82]. This allows compartmentalization of ROS 

production and signal transduction through proteins located in the intermembrane space, and 

from there to the cytosol.  CIII ROS have been proven instrumental for adaptation to hypoxia 

[121]. Inhibiting the IIIQo site, using myxothiazol or deleting RISP, prevents both CIII ROS 

generation and the stabilisation of HIF1α [122] [80], which is necessary for cellular adaptation 

to hypoxia. Similarly, use of S3QELs, that specifically target IIIQo ROS, also prevents 

stabilisation of HIF1α [123].  Acute hypoxic pulmonary vasoconstriction (AHPV) has also been 

associated with the generation of mitochondrial CIII ROS, with genetic reduction of CIII 

inhibiting the cytosolic Ca2+ increase required for muscle contraction [124]. AOX mice do not 

develop a normal AHPV response due to reduced mtROS levels, further supporting a critical 

role for ROS in this process [125]. 

CIII ROS are also essential for adaptive immunity. When T cells are stimulated by an antigen, 

CIII ROS are required for activation of the NFAT (nuclear factor of activated T cells) and 

subsequent IL-2 production [126]. This is an essential step for complete activation of these 

immune cells. Antioxidant treatments and suppression of CIII ROS via RISP deletion 

exclusively in T cells prevented activation but not proliferation, demonstrating that ROS and 

not ATP is critical for activation. CIII ROS are implicated in tissue repair and cell differentiation. 

TGF-β is required to initiate organ repair; however, excessive TGF-β signalling results in 

fibrosis [127]. After binding to its cellular receptor in human lung fibroblasts, TGF-β initiates a 

transcriptional program that requires CIII ROS [128]. Treatment with mitochondrial 

antioxidants or genetic depletion of CIII prevent most transcriptional changes associated with 

this signalling. Excessive fibrosis in patients is associated with abnormal concentrations of 

mtROS and partially ameliorated by antioxidant treatment. Finally, the Chandel group has 
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reported that CIII ROS are required for the differentiation of human adipocytes [129]. During 

the mesenchymal stem cell differentiation, there is an increase in oxygen consumption in 

parallel to increased mtROS production. Mitochondrial-targeted antioxidants impair the 

differentiation process, reducing lipid accumulation and expression of PPARγ2 and CEBPα, 

while addition of external hydrogen peroxide increases the rate of differentiation. The 

importance of CIII ROS was confirmed by targeting RISP with RNAi, completely blocking 

differentiation [129].  

As with CI ROS, CIII ROS are associated with the onset of specific pathologies. High levels of 

ROS are found in many cancer types [130], although the exact role that ROS play in the 

initiation,  proliferation and metastasis of tumours is unknown. In K-RAS mediated 

tumorigenesis, CIII ROS are essential for tumour growth. The anti-cancer effects of the 

antidiabetic drug metformin could be related to a reduction in CIII ROS [103]. In human cancer 

cells, metformin inhibits CI and prevents activation of HIF-1α that is essential for the survival 

of tumours. Patient xenografts fail to grow in mice fed with metformin.  Restoring electron flow 

by expression of NDI1 within the cancer cells abrogated the anti-tumour effects of metformin 

[103]. These results suggest significant effects of CIII ROS on tumorigenesis and warrant 

further investigation. For example, it would be interesting to know whether S3QLs could be 

used to prevent tumour expansion and metastasis.  In an independent study the Chandel 

laboratory has shown that oxidation of CoQH2 to CoQ is required for tumour growth [131]. This 

was not directly caused by ROS but the requirement of cancer cells to reduce CoQ to CoQH2 

for pyrimidine synthesis. Accordingly, AOX expression, which decreases ROS levels, restored 

tumour growth in cells without CIII [131]. CIII ROS also play a leading role in lung damage 

induced by contamination [132]. Pollution results in particle accumulation that can damage the 

lung by inducing mtROS production, which subsequently triggers p53-mediated apoptosis. In 

vitro studies in human cells have shown that IIIQo is the site of ROS generation and that CIII 

ROS activates both ASK1 and JNK, and through them p53 [132]. In addition to causing cell-

death in alveolar epithelial cells, air pollution provokes chronic inflammation in the lung through 

activation of macrophages [133]. Pollution particles trigger production of CIII ROS in 

macrophages and the subsequent release of pro-inflammatory cytokine IL-6, responsible for 

thrombotic episodes in the lung. Metformin reduces the number of electrons reaching CIII, 

reducing ROS, and protects against thrombosis in mouse models [133].  NDI1 expression in 

macrophages by-passes metformin inhibition and restores electron flow and IL-6 production. 

Similarly, S3QELs, but not S1QELs reduced ROS induced by air pollution particles and 

prevented the generation of IL-6. In a mouse model of chronic obstructive pulmonary disease, 

AOX expression attenuated damage induced by cigarette smoke [134], indicating that 

reducing mtROS levels can protect against chronic inflammation in the lung. 
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4.3 Where are ROS produced when CIV and CV are blocked? 

We have reviewed the physiological and pathological processes regulated or induced by ROS 

produced by either CI or CIII. Despite all the advances we have made in understanding how 

ROS are produced in vivo, we still do not understand how production of ROS by CI or CIII is 

selectively activated in many physiological settings. For example, which of these two 

complexes produce ROS when electron flow is interrupted, or proton transfer is reduced? In 

fact, one important unanswered question in relation to the ETC is where electrons leak from 

when CIV is blocked. It is possible that ROS are produced from either CIII or CI via RET, and 

both scenarios can be supported by data from the literature [98, 135]. This is not just an 

important theoretical query, but highly relevant from a practical point of view, since there are 

two cellular messengers reported to inhibit CIV in vivo. Namely, carbon monoxide (CO) 

(Zuckerbraun, Chin et al. 2007) and nitric oxide (NO) (Beltran, Quintero et al. 2002) which 

block CIV and increase mtROS. In addition, CIV activity and/or levels have been shown to 

decline with age in fly [26], rat [136] and human tissues [30].  This indicates that inhibition of 

CIV is highly relevant for ageing redox biology.  

An age-related decrease in CIV would increase electron leak, contributing to the high levels 

of ROS described during ageing. The two gaseous messengers, CO & NO, that inhibit CIV 

reduce CIV activity momentarily, causing an acute increase in mtROS. Once inhibition is 

relieved, mtROS concentration returns to normal [137]. The capacity to switch a redox signal 

on and off is a prerequisite of ROS to participating in signalling. This modality of CIV inhibition 

could be controlled to produce mitochondrial redox signals.  For example, an adaptative 

program reliant on autophagy activation and mitochondrial turnover has been described in 

mice in response to mutations in CIV subunits [98], such a program is prevented if mtROS 

signalling is supressed. Physiological increases in the concentration of CO and NO protect 

against apoptosis during ischemia-reperfusion in mammalian models and extend lifespan in 

worms [138, 139]. Inhibition of CIV by NO is considered as a method to rapidly regulate 

mitochondrial respiration [140], activity of CIV is not completely interrupted and a large part of 

mitochondrial ATP generation is maintained [141].  Although this inhibition is acute, ROS 

generated as a result initiates long-term adaptions through e.g. relocation of NFkB to the 

nucleus [141]. Physiological concentrations of CO do not entirely inhibit respiration but shrink 

oxygen consumption, reducing electron exit and increasing mtROS  [142]. While it is unclear 

where ROS are generated when CO inhibits CIV, a report showing a reduction in ROS 

following inhibition of CIII in murine macrophages suggests this complex is the source 

(Zuckerbraun, Chin et al. 2007).  CIV inhibition by CO could be a physiological mechanism to 

protect against oxidative stress. Heme-oxigenase-1 and -2 (HO-1 and HO-2) generate CO as 

a product of heme degradation. HO-1 is a primary stress response protein and a substantial 
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increase in HO-1 expression is produced in response to many types of stress, including 

oxidative stress [143]. It is plausible that CO, that boosts mtROS, is a redox signal that can 

rise above the noisy background of oxidative stress to activate protective mechanisms. Such 

a signal could, for example, activate mitochondrial biogenesis to turn over damaged 

mitochondria [144]. During ageing, mitochondrial respiration is reduced and some reports 

indicate that this is in part due to the specific decrease in levels and activity of CI and IV [26]. 

Interruption of electron flow at CIV would cause accumulation of electrons upstream, favour 

electron leak and ROS production, while CI inhibition would decrease ROS-RET production 

[13]. It is important to note that this is very different to the controlled and short-lived inhibition 

of CIV by NO/CO, which causes a reversible increase in ROS versus continually raising ROS 

causing oxidative stress and interruption of redox signalling. Despite the lack of specific 

experimental evidence, even just considering the available data, IIIQo looks to be the 

strongest candidate as a source of electron leak and site of ROS production during the age-

associated decrease in mitochondrial respiration [118].  

Modulation of CV activity by the endogenous protein ATPase Inhibitory Factor 1 (ATPIF1) 

alters mtROS production. As with CIV, the source of ROS when CV is inhibited has not yet 

been determined.  CV transports protons from the intermembrane space to the matrix, using 

the energy generated to produce ATP. Under conditions that compromise electron transport, 

CV switches and works in reverse to prevent the collapse of pmf [145]. In this mode, expelling 

protons from the matrix, CV consumes ATP. If CV is in this mode for too long, it can threaten 

cell survival due to ATP depletion. To prevent cell death ATPIF1 binds CV, preventing the 

hydrolysis of ATP [146]. The Cuezva laboratory has shown that ATPIF1 can also bind CV 

when the enzyme is synthesising ATP [147]. In this situation, both ∆p and the CoQH2:CoQ 

ratio are increased since protons cannot return to the matrix and electrons flow slows, 

increasing the possibility of  electron leak [148]. It has been proposed that RET is responsible 

for boosting ROS when CV is working in reverse, e.g. in response to staurosporine that causes 

hyperpolarisation of mitochondria [149]. Similar conditions occur when CV is synthesizing ATP 

and is blocked by oligomycin or the overexpression of ATPIF1. This results in an increase in 

ROS in both mouse neurons [150] and colonocytes [148, 151]. However, we must be cautious 

before concluding that ROS are triggered via RET when CV is inhibited, since the role of CI 

has not been systematically confirmed by genetic or pharmacological inhibition. Like CIV, 

inhibition of CV by overexpression of ATPIF1 initiates ROS-mediated activation of NFkB [148, 

151].    

Several manuscripts report lifespan extension as a result of CV inhibition. However, the results 

are sometimes contradictory. In Drosophila, knockdown of ATPsynD  (the fly orthologue of 

ATP5P) extends lifespan in diets with a low carbohydrate: protein ratio [152]. However, 



25 
 

oligomycin feeding decreases lifespan in both high and low protein diets, while RNAi depletion 

of CV subunit, ATPsynβL, extends lifespan in flies in high protein diets [153].  Inhibition of 

complex V  in flies with J147, a promising new drug in the fight against Alzheimer's, extends 

lifespan of Drosophila [154].  While inhibition of CV increases ROS in flies,  the resulting 

lifespan extension has been associated with modulation of mTOR [152, 154] and not the 

activation of redox signalling. In Caenorhabditis elegans, oligomycin, alpha-ketoglutarate or 

knock-down of atp-2, the worm orthologue of ATP5F1B, extends lifespan through inhibition of 

CV [155].  Under all conditions increased mtROS and downregulation of mTOR signalling was 

observed. Unfortunately, where and how ROS were produced was not investigated. It has 

been reported recently that alpha-ketoglutarate supplementation in mice extends lifespan 

[156]. In this study, no alterations in mTOR signalling were found, but alpha-ketoglutarate 

strongly reduced inflammation, suggesting a possible role for mtROS in the lifespan extension, 

through regulation of the inflammatory response [157] . 

5. The problem with mitochondrial redox signalling during ageing 

We know that mitochondrial redox signalling is essential for cellular homeostasis, that ROS 

produced either by CI or CIII can regulate crucial physiological processes, and that excessive 

levels of ROS production can contribute to tissue damage and the onset of many pathologies. 

During ageing an accumulation of defective mitochondria generate excessive amounts of ROS. 

This not only provokes oxidative stress but interferes with mitochondrial redox signalling and 

the many processes it regulates.  

5.1 Are mtROS produced differently in old cells? 

One clear distinction between "young" and "old" mitochondria is the relative amount of ROS 

production, which is markedly increased in aged mitochondria. This phenomenon has been 

observed in worms, flies, rodents and humans in various tissues and cell types [158-161]. It is 

unclear if ROS found in aged tissues are of the same nature found in young tissues and 

whether they derive from the same or a different set of ROS generators. We should clarify that 

there is no consistent change in either the levels or efficiency of antioxidants in old individuals 

[3]. This means we can discount a failure of antioxidant systems as an explanation for this age 

associated increase in ROS. If we look to the ETC there are several possible explanations for 

the higher electron leak observed in aged mitochondria: (i) potential ROS generators that are 

inactive in young cells may become active, (ii) there maybe constitutive activation of redox 

switches which produce ROS in response to a physiological signal (iii)  ROS are simply being 

produced at higher levels and finally (iv) the nature of ROS being produced could be altered 

with a shift from loROS to hiROS, or an increase in hiROS. 
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There are currently very few studies dedicated to dissecting in detail how mitochondria from 

old individuals produce ROS. There is in vitro data which indicate that old mitochondria 

produce ROS in fundamentally the same way to young mitochondria, i.e. CI and CIII being the 

main generators [119, 162-164]. These studies show that during ageing, the amount of ATP 

generated per molecule of oxygen consumed is reduced. In parallel, to a reduction in 

OXPHOS efficiency, there is an increase in the amount of ROS production in both postmitotic 

as well as senescent cells [13, 162, 165], indicating that the ETC is leakier in old mitochondria 

and that ROS production is less controlled during ageing. In senescent cells, there is an 

increase in ROS per mitochondrion as well as an increase in the number of mitochondria [166]. 

This rise in ROS observed during ageing is linear in worms and fruit flies [13, 158, 159]. 

Despite the lack of conclusive experimental evidence, we can speculate that an initial increase 

in mtROS could be the result of adaptive redox signalling, with mitochondria attempting to 

activate mechanism(s) to maintain cellular homeostasis. However, the increase observed at 

older ages is probably the result of unrestricted ROS production, which leads to the 

accumulation of oxidative damage [167]. Accumulation of oxidized proteins, lipids, and DNA 

in the brain is more conspicuous in older vs middle-aged individuals [30] and is a hallmark of 

neurodegenerative diseases such as Parkinson's or Alzheimer's [168, 169]. This suggests that 

oxidative damage is most likely due to an accumulation of hiROS, generated through the 

reaction of loROS with free metals, and not through the direct generation of hiROS in the ETC.   

5.2 How is mtROS production affected when electron flow is reduced during ageing?   

As we discussed in a previous section, reduction in CIV activity by NO or CO causes an 

increase in the redox state of CoQ pool contributing to electron leak at CI and CIII. Ageing is 

characterised by the accumulation of mitochondria, which respire less and have a lower pmf 

[170]. Reduction in the levels and/or activity of CIV during ageing has been described both in 

insects and mammals [26, 30, 136]. The difference between the age-linked reduction in CIV 

and an acute inhibition by CO/NO is that the former results in a constant increase in the levels 

of mtROS. Age-linked reduction in CIV function could elicit the generation of ROS by CIII, 

since electrons will circulate slowly, the half-life of CoQ. within CIII will increase as well as 

electron leak and ROS production. The chronic increase in ROS caused by age-related CIV 

dysfunction will disrupt CIII redox signalling, affecting many important processes as discussed 

earlier in this review. ROS measurements in isolated mitochondria from rat hearts support this 

model [171]. However, we still need further confirmation of this in mitochondria from other 

tissues and in other species as well as in vivo validation.   

The age-associated reduction in electron flow decreases the capacity of mitochondria to 

generate a pmf high enough to produce a ROS-RET signal. As we have discussed, preventing 
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ROS-RET in flies reduces their capacity to adapt to and survive stress [42].  It is possible that 

in very old individuals, mitochondria cannot initiate ROS-RET signalling, preventing stress 

adaptation and reducing survival. This is further aggravated by the age-related reductions in 

CI levels observed in several animal species [13, 30], which would reduce the intensity of the 

signal. Another indicator that ROS-RET is probably diminished during ageing is the reduction 

in the CoQH2:CoQ ratio detected in specialized studies. No decrease in the levels of CoQH2 

and CoQ has been reported in several mouse tissues [172] or human plasma [173]. However, 

a rise in CoQ levels (with a decrease in CoQH2) during ageing has been reported in three 

animal species i.e. worms, pigs and mice [174]. In addition, CoQH2 levels positively correlate 

with muscle strength in humans [175], indicating that sarcopenia (an important hallmark of 

ageing) is associated with more CoQ. However, we must be cautious when interpreting these 

studies as they report total, and not mitochondrial, levels of CoQ and CoQH2, so may not 

reflect the situation within mitochondria. In fact, the authors, related their findings to an 

increase in oxidative stress, as CoQH2 is a powerful antioxidant, and not with problems in 

mitochondrial function. In future, it would be important to determine the nature of changes in 

mitochondrial levels of CoQH2 and CoQ during ageing, particularly considering the likely 

existence of two separate pools [116]. In summary, the age-related depression in 

mitochondrial respiration would affect CoQ signalling causing uninterrupted electron leak at 

IIIQo and making the generation of a ROS-RET extremely difficult and negatively affecting the 

processes regulated by this signal.  

5.3. High levels of ROS interrupt redox signalling during ageing 

High levels of ROS cause damage by either provoking oxidative stress and/or interrupting 

redox signalling. The latter occurs when downstream targets of ROS signalling stop 

responding to changes in the redox environment. For example, peroxiredoxins which have 

been shown to be involved in transduction of redox signals are inactivated by hyper oxidation 

[176]. Given the chronically high levels of ROS in aged individuals, it is likely that many redox 

targets would be in this permanently oxidized state and unable to transduce signals produced 

in response to changes in ROS levels.  Indeed, increases in oxidized forms of both NADPH 

and glutathione have been observed in whole fly homogenates and several rodent tissues 

[177-179]. The group of John Tower has provided evidence that the transcriptome of 

Drosophila melanogaster adapts to the high levels of oxidative stress observed during ageing. 

In a seminal study [180], they compared the transcriptome of old flies with that of young flies 

exposed to four types of stress; heat, hydrogen peroxide, hyperoxia and ionising radiation. 

The transcriptomic changes seen in aged flies were most similar to those seen as a result of 

hyperoxia. This is in line with the oxidative stress caused by hyperoxia which might 

approximate the levels of oxidative stress in aged flies. 
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Several studies indicate that mitochondrial redox signalling is able to be extremely precise 

[181]. One of the mechanisms by which such precision is achieved is reversible oxidation of 

cysteine residues (Reczek and Chandel 2014).   The laboratories of Stefan Drose and Ulrich 

Brandt have shown that cysteine oxidation of specific proteins occurs exclusively in response 

to ROS production by CI or CIII [182]. In their study, they found that certain proteins were 

oxidized by CIII ROS (e.g. TIM50 or carnitine O-acetyltransferase), while others were oxidised 

by CI ROS (e.g. dihydrolipoyl dehydrogenase or succinate dehydrogenase flavoprotein).  This 

type of precision is only possible in a context free of ‘noisy’ non-specific ROS resulting in non-

selective protein oxidation, i.e. in young individuals. In fruit flies, fasting elicits a particular 

redox response that alters the level of oxidation or reduction of cysteines within proteins 

dedicated to stress adaptation [183]. This  is particularly relevant when you consider fasting 

has also been reported to induce production of ROS-RET in isolated mitochondria from rat 

livers [184]. In flies, however, neither hydrogen peroxide nor paraquat resulted in specific 

redox responses, and oxidation of cysteine residues was not increased in aged flies. Similar 

results have also been reported for various tissues collected from young and old mice [185]. 

The laboratory of Edward Chouchani had recently published to date the most complete 

redoxome map in an animal. They did not find any consistent increase in the number of 

oxidized cysteines as a result of ageing [185]. However, they found disorganization of redox 

networks established in young animals, i.e. proteins that respond to changes in ROS levels in 

a coordinated way. This fits with the observation where the response to ROS in old individuals 

is perturbed. Proteins most affected by this perturbation were those involved in the stress 

response in young individuals, while cysteine residues that were not altered in young 

individuals became hyper-reactive. Finally, many proteins found to be more oxidized in old 

mice have been reported to be involved in the onset of many age-related diseases in humans  

[185]. 

In summary, existing data indicate that as well as causing oxidative stress, high levels of ROS 

interrupt redox signalling. We have seen that CoQH2/CoQ redox signalling controls essential 

processes and age-linked disruption in redox signalling will undoubtedly affect them. 

Dysregulation of redox signalling may explain, why cancer and cellular senescence increase 

with age, why stress is more difficult to cope with, why many infections are more challenging 

after a certain age and why when we are old we struggle to recover from a heart attack or 

stroke. 

5.4 Why do damaged mitochondria accumulate during ageing? 

It is clear that an accumulation of damaged mitochondria, generating high levels of mtROS is 

likely a significant contributor to the onset of age-related diseases. Therefore, the substitution 

of these damaged organelles with “youthful” ones would be an ideal anti-ageing strategy. To 
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prevent, delay or reverse this build-up of defective mitochondria, we need to understand how 

and why it happens. Four different mechanisms have been postulated to explain why this 

might be occurring [186]: (i) the vicious circle, (ii) ROS induced ROS, (iii) failure in quality 

control, and (iv) the epigenetic mechanism. The vicious circle hypothesis proposes that 

mtROS cause mutations in mtDNA, which increase mtROS that cause further mutations. 

Although logical, this hypothesis has been debunked by two experimental models. Firstly, the 

induction of mutations in mtDNA through knock-in of proof reading deficient mitochondrial 

polymerase gamma does not increase mtROS levels in mice [187]. Secondly, mutations of 

Mclk1 (that participates in CoQ biosynthesis) causes an interruption in electron flow and 

increases in mtROS levels and reduces lifespan [188]. The interruption of CoQ biosynthesis 

is reversible through the administration of 2,4-dihydroxybenzoic acid which restores 

mitochondrial respiration, reduces mtROS levels and rescues lifespan. The rescue in lifespan 

occurs even when mice are treated after one year of high levels of ROS. In addition, 

experimentally boosting mtROS levels in flies extends lifespan without decreasing 

mitochondrial respiration [13].  These data indicate that extremely high levels of mtROS during 

a significant period of lifespan in mice or flies does not have a negative impact on long-term 

survival. We can conclude that there is no ROS “memory”, which contradicts both the idea 

that ROS cause ageing and the vicious circle hypothesis.  

An alternative explanation for the age associated increase in mtROS relates to the observation 

that ROS production in one cellular location triggers ROS production elsewhere [186]. For 

example, there is tight coordination between NOXs and mitochondria to produce ROS  [189]. 

In the context of ageing, an increase from one of two ROS sources causes an increase from 

the other, initiating a feedback loop leading to mitochondria producing higher and higher 

amounts of ROS, attempting to communicate information for maintaining metabolic 

homeostasis.  ROS producers which are dormant in young, but active in old individuals may 

also be involved in driving mitochondria to produce more ROS in order to produce a signal 

that can be detected above “noisy” ROS,  i.e. ROS not involved in redox signalling. Possible 

extra-mitochondrial sources of ROS include both NOS [190] and xanthine oxidase (XO) [191]. 

NOS and XO begin producing superoxide and hydrogen peroxide in the presence of high 

concentrations of oxidants [192]. The ROS they produce attack mitochondria causing the 

formation of more mtROS [193]. XO [194] and NOS [195] have both been shown to produce 

more ROS in various aged mouse tissues. Although further confirmation is required there is 

sufficient evidence to support that a “ROS induced ROS” mechanism is partially responsible 

for increased mtROS during ageing. However, two questions remain unanswered. Firstly, is 

increased mtROS an attempt to increase the intensity of a ROS signal or a result of oxidative 

damage? Secondly, what causes the initiation of this ROS feedback loop which progressively 
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increases more and more mtROS levels during ageing? The decline in quality control 

mechanisms that turnover damaged mitochondria during ageing [196, 197] has been 

proposed to underlie this feedback loop.  A quality control failure would explain why defective 

mitochondria accumulate and boosting mechanisms of quality control, such as autophagy or 

the proteasome, increases lifespan across different animal species [198-200]. Furthermore, 

specifically targeting mitophagy extends lifespan and preserves mitochondrial function both in 

worms and flies [201-203]. Extended maintenance of mitochondrial function delays the age-

linked increased in mtROS [202]. All in all, these results suggest that maintaining healthy 

mitochondria for longer facilitates a healthier lifespan. Since many mechanisms of quality 

control are redox-regulated, the age-related increase in oxidative stress could contribute to 

their decline [204, 205]. For example, SQSTM1/p62 is one of the best characterized 

autophagic receptors, instrumental in recycling ubiquitylated proteins and organelles. In mice 

and humans, oxidation of two specific cysteine residues causes p62 oligomerisation, 

increasing its capacity to remove damaged proteins [206]. Mutations of p62 that disrupt these 

redox-sensitive cysteines have been associated with neurodegeneration in humans [207]. 

Conversely, expression of a humanized Ref(2)p (fly orthologue of p62) by introduction of these 

redox-sensitive cysteine residues increases the resistance of flies to oxidative and heat stress 

[206].  This redox-sensitive mechanism supports oligomerization of p62 and increases 

recycling capacity in young, healthy individuals, where mtROS are kept low. In old individuals 

characterized by mitochondria producing high levels of mtROS, it can promote the aggregation 

and precipitation of p62 (and associated proteins), which has been observed in old mice and 

rats [206, 208] as well as in human neurodegenerative diseases [209]. Saturation of the 

lysosomal system has recently been proposed as the mechanism underlying accumulation of 

defective mitochondria in the context of mitochondrial disease [210]. It is not difficult to imagine 

that something similar (i.e. saturation of the lysosomal system) may happen in the context of 

ageing [211], which will worsen the accumulation of defective mitochondria. 

If reduced quality control allows the accumulation of defective mitochondria, we must 

understand why quality control fails during ageing. There are two explanations that 

complement each other. The first is that there is an irreversible accumulation of damaged 

molecules both within and outside of the mitochondria that overwhelm quality control. The 

former hypothesis is widely accepted and is supported by the accumulation of macromolecular 

damage during ageing in lipid, proteins, and DNA across different species [212, 213]. The 

second explanation is that genetic or epigenetic changes negatively affect quality control and 

subsequently increase dysfunctional mitochondria. Indeed, there is a strong connection 

between mitochondrial function and epigenome reprogramming. As we have seen, 

mitochondrial activation is required for the differentiation of both myoblasts and adipocytes 
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[111, 129]. Human neurons also require an energetic switch from glycolysis to oxidative 

phosphorylation for differentiation [214]. Conversely reprogramming embryonic fibroblasts into 

pluripotent stem cells requires shifting from oxidative phosphorylation to glycolysis [215]. 

Epigenomic dysregulation is starting to be considered as a primary driver of ageing [216, 217]. 

Accordingly, epigenetic clocks are among the best markers of biological age [218]. Age-linked 

epigenetic changes can affect mitochondrial function, reducing quality control and/or alter 

super-complex organization making the ETC leakier, producing “noisy” ROS [202, 219]. 

Specific epigenetic changes occurring during ageing such as the reduction in H3K9me3 [220] 

can impact the expression of mitochondrial genes [221], causing a characteristic reduction in 

mitochondrial gene expression noted in multiple ageing studies [222]. Epigenetic alterations 

can also cause metabolic alterations that impact mitochondria. For example, both sirtuins and 

poly-ADP ribose polymerases are essential to maintain genomic and epigenetic stability, they 

use NAD+ as a co-factor; therefore, an age-linked increase in genome instability that boosts 

the activity of these enzymes can cause depletion of NAD+. Accordingly, it has been shown 

that age-related decrease in NAD+ causes the accumulation of defective mitochondria in mice 

while boosting NAD+ levels in old mice restores mitochondrial function [223].  Treating mouse 

models of progeria (caused by mutations in enzymes involved in maintaining genome stability) 

with NAD+ precursors rescued nuclear defects as well as mitochondrial deterioration [224]. 

Similar results have been reproduced in worms, flies and patient cells [225] pointing to 

enhancement of  NAD+ metabolism as a promising anti-ageing treatment.   

5.5 Strategies to preserve redox signalling during ageing. 

Finally, we will discuss the currently available strategies to maintain redox signalling during 

ageing. Strategies that delay ageing such as dietary restriction, intermittent fasting, reduced 

insulin/insulin-like signalling and repression of TOR signalling also retard the accumulation of 

defective mitochondria [226]. These approaches, at best, delay the appearance of 

dysfunctional organelles, but do not prevent accumulation completely and result in similar 

problems later in life. It would be interesting to identify ways of preserving or restoring 

mitochondrial redox signalling, eliminating or reducing the pervasive effects associated with 

sustained high levels of mtROS, e.g. chronic inflammation [227], senescence [165] or cancer 

[103].  

One of the most exciting approaches to improve mitochondrial function is to target epigenomic 

changes or the metabolic consequences of these changes. Genetic manipulation of enzymes 

involved in epigenetic regulation extends lifespan in flies and worms. For example, in flies, 

overexpression of repressors of transposable elements such as Su(var)3-9 or Dicer-2 extends 

lifespan [228], whereas in worms knock-down of certain demethylases, like UTX-1, also 
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increases longevity [229]. Genetic manipulation or even modifying the epigenome with drugs 

can be both challenging and dangerous. A more practical strategy may be to compensate for 

the adverse metabolic consequences of those epigenetic changes that affect mitochondrial 

function.  We have argued that depletion of NAD+ causes the accumulation of defective 

mitochondria and stimulating NAD+ synthesis restores mitochondrial function in old mice [223]. 

An essential part of the effect of NAD+ is attributed to enhancing mitophagy. Similarly inducing 

mitophagy, by feeding worms with Urolithin A, extends lifespan and increases muscle strength 

in old mice and rats [201]. Alternatively, inducing macro autophagy can be more 

straightforward and produce a similar outcome [230]. Rapamycin and spermidine are well-

characterized inductors of autophagy that improve mitochondrial respiration by removal of 

defective mitochondria [230, 231].  We will need to wait to see a systematic analysis of the 

effects of NAD+ or other mitophagy boosters in clinical trials to decide if they are useful or not 

in humans.  

A more targeted solution would be the use of alternative respiratory enzymes or antioxidants. 

Alternative enzymes can help to normalize CoQ-mediated redox signalling. Both AOX and 

NDI1 have been shown to be protective in several disease models (see above), but only NDI1 

extends lifespan and protects mitochondrial function during ageing [13]. AOX has negative 

effects on flies reducing stress resilience [42]. Alternative respiratory enzymes are beneficial 

for research, but it is difficult to envision their use in the clinic for both technical and ethical 

reasons. The efficacy of antioxidants has been shown to be disappointing without any 

apparent effects on lifespan and mixed results regarding mitochondrial function [3]. There are 

some exceptions to the rule and evidence of positive effects on lifespan such as expression 

of a mitochondrially targeted catalase in mice [232], or overexpression of peroxiredoxin 5 in 

fruit flies [233]. However, expression of a mitochondrially targeted catalase has been shown 

to negatively impact both brain metabolism and behaviour in mice [43]. On the other hand, 

peroxiredoxins may extend lifespan not by protecting against oxidative stress but by increasing 

redox signalling. For example, peroxiredoxin 2 is required in Caenorhabditis elegans for the 

lifespan extension conferred by metformin feeding [234]. Metformin stimulates mitochondrial 

redox signalling in worms, and without peroxiredoxin 2 the pro-survival pathways controlled 

by SKN-1 are not activated. In future, it would be interesting to test whether peroxiredoxins 

can help to preserve mitochondrial function and extend lifespan by supporting mitochondrial 

redox signalling in mice. A new generation of antioxidants that can improve signalling in the 

future are S1QELs and S3QELs. S1QELs can be administered after a heart attack, while 

S3QELs can help to prevent the excess of CIII ROS that may occur during ageing due to a 

decrease in electron flow (see above). However, S1/3QELs have not been widely used in 

animal or cell culture models, or proven clinically effective yet so we need to know more how 
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they operate in vivo and whether they present some side effects. Finally, one solution to 

improve redox signalling during ageing may be trying to avoid triggering oxidative stress by 

sequestering free iron.  Iron accumulates during ageing in flies [235], several mouse organs 

[236] and human muscle [237]. Furthermore, mitochondria are particularly prone to iron 

accumulation [238]. Mitochondrial iron accumulation combined with high levels of mtROS 

produces hiROS and oxidative damage. In Drosophila, reducing age-linked iron accumulation 

extends lifespan [239, 240]. Preventing the accumulation of iron deposits or chelating free iron 

during ageing could be a strategy to reduce oxidative damage, but also to enhance redox 

signalling. 

6. Conclusions. 

In this review, we have seen the importance of mtROS signalling in deciding cell fate and 

cellular homeostasis. CI and CIII are the two main generators of ROS within mitochondria 

according to both in vitro and in vivo evidence. ROS produced at CI or CIII control specific 

physiological processes ranging from cell differentiation to oxygen sensing. Similarly, ROS 

production by both CI and CIII triggers pathological processes such as ischemia-reperfusion 

and cancer. The CoQH2:CoQ ratio is a significant determinant of electron leak and ROS 

production in the ETC. Producing ROS in response to changes in the redox state of the CoQ 

pool is an ideal way to signal metabolic status activating a mitochondrial response that 

coordinates the cellular response to external and internal changes. During ageing, redox 

signalling is altered by the accumulation of defective mitochondria. It is unknown why 

damaged mitochondria accumulate, but epigenetic alterations that deplete NAD+ levels could 

be the ultimate cause. Accordingly, novel therapies targeted to prevent or correct the 

consequences of epigenomic dysregulation are the most likely to restore redox signalling an 

help us to live healthier for longer.  
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Figure Legends. 

Figure 1. A four stages plan to determine where ROS are produced and test their impact 
on lifespan (or other phenotypes). A. Identify a physiological phenomenon to be studied, 
e.g. differences in lifespan between control and experimental group. B. Determine whether 
ROS are involved measuring differences between groups. The cartoon depicts ROS 
measurements in the fly brain C. Identify the generator of ROS using specific inhibitors and 
genetic approaches to specifically neutralize the generation of ROS from the proposed ROS 
generator. The cartoon shows how CI ROS production can be altered by rotenone, S1QELs 
or using RNAi against specific subunits of a respiratory complex. D. Suppress ROS production 
using inhibitors of the ROS generator (if possible) or targeted antioxidants, test whether the 
former affects the studied phenotype, e.g. test whether lifespan differences among the 
experimental and control groups disappear.  

Figure 2. Effects of alternative respiratory enzymes, NDI1 and AOX, on the redox state 
of CoQ. NDI1 gives electrons to CoQ reducing it to CoQH2, increasing the CoQH2:CoQ ratio. 
This process favours the generation of ROS-RET at CI. Thus, NDI1 restores production of 
ROS by CIII when CI is blocked with rotenone or metformin. NDI1 rescues alterations in CI 
(block or depletion), alleviates Parkinson’s disease symptoms in model organisms, protects 
against Ischemia/Reperfusion injury in rodents and extends the lifespan of flies. Conversely, 
AOX takes electrons from a highly reduced CoQH2 and reduces oxygen to water. In doing so, 
it prevents both ROS-RET as well as the accumulation of CoQ. at CIII. AOX can by-pass CIII 
and CIV defects, rescue developmental defects in flies and protects against smoke damage 
and LPS lethality in rodent models of disease. 

Figure 3. Physiological processes regulated by CI ROS. Various processes have been 
shown to be regulated by CI ROS produced via RET: 1) Myoblast differentiation, 2) Cell death 
caused by ischemia-reperfusion (IR) during a heart attack, 3) Oxygen sensing by the glomus 
cells of the carotid body, 4) Levels of CI and assembly of the respirasome, 5) Macrophage 
reprogramming in response to bacterial infection, 6) Lifespan of Drosophila melanogaster, 7) 
Stress adaptation in response to thermal, hypoxic and hyperoxic stress. It is unclear where 
ROS are produced within CI during RET and both the quinone-binding site (IQ) and flavin (IF) 
have been reported as ROS generators. To demonstrate that ROS are produced via RET at 
CI one or more of the following controls needs to be performed: i) use of an IQ inhibitor such 
as rotenone, ii) use of CII inhibitors such as malonate, iii) knockdown/out of CI/CII subunits, 
iv) dissipating the proton motive force (pmf) by e.g. FCCP, v) expression of an alternative 
oxidase (AOX) to maintain oxidation of the CoQ pool vi) use of S1QELs.  

 

Figure 4. Physiological processes regulated by CIII ROS. Different processes have been 
shown to be regulated by CIII ROS produced at the IIIQo site: 1) Hypoxia adaptation in cells, 
2) Acute hypoxia pulmonary vasoconstriction (AHPV), 3) T-cell activation in response to the 
presence of antigens, 4) Tissue repair mediated by TGF-B signalling (in excess can cause 
fibrosis), 5) Adipocytes differentiation, 6) Tumorigenesis, 7) Damage induced by pollution or 
smoking. ROS are produced as a consequence of the formation of CoQ. during the Q-cycle. 
To demonstrate that ROS are produced by CIII one or more of the following controls need to 
be performed: i) use of an IIIQo inhibitor such as myxothiazol, ii) knockdown/out of RISP 
protein, iii) expression of AOX, iv) use of CI inhibitors in combination with NDI1 expression 
and v) application of S3QELs 
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Figure 5. Effects of ageing on mitochondrial redox signalling. Young mitochondria have 
enough supply of NAD+, and oxygen consumption is high, allowing the cells to produce ATP 
efficiently. CI and CIII are assembled into supercomplexes that generate ROS in a controlled 
manner to produce redox signals. A moderate amount of superoxide is produced, and this is 
immediately dismutated to hydrogen peroxide. Hydrogen peroxide is the ROS messenger that 
transmits information by selective oxidation of specific cysteine residues within target proteins. 
For example, peroxiredoxins are selectively oxidized by hydrogen peroxide and then they can 
oxidize other proteins to continue the signalling process. Similarly, CIII ROS can oxidize, 
assisted by peroxiredoxins or independently, critical proteins involved in cellular homeostasis 
such as HIF1α, NFkB or SQSTM1/p62. The situation becomes much less clear during ageing. 
Old mitochondria do not have sufficient NAD+, consume less oxygen and produce less ATP. 
Supercomplexes are disassembled and ROS production is high and uncontrolled. High levels 
of superoxide and hydrogen peroxide react with free metals, such as iron, to generate hiROS 
like hydroxyl radicals. Redox signalling is interrupted and dormant ROS generators such as 
nitrogen oxide synthase and xanthine oxidase become active, generating a significant amount 
of ROS further distorting redox signalling. 
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